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FOREWORD
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ABSTRACT

The objective of Task A is to provide increased sLrength and fracture resis-
tance in aluminum alloys by optimizing the precipitate microstructure. To control
the size and distribution of the intermediate precipitates in some high-strength
7000 and 2000 series alloys, several alloys were cast and their precipitatc micro-
structures characterized by microscopy after homogenization treatments at vari-
ous times and tcmperatures. Homogenization treatments were selected to produce
"a fine and a coarse intermediate precipitate. The objective of Task B is to develop
"a recrystallized microstructure in wrought high-strength aluminum alloys during
hot working. Recrystallization occurred along the grain boundaries in the 2024
alloy only at the highest upset rate (8. 9 inch/sec) and the highest temperature
(925 F). Preliminary microscopy results indicate that the intermediate precipitate
in 2024 may not be stable during hot working. Recrystallization appeared to be
complete in the A1-4. 6Cu alloy upset at 8. 8 inch/sec at 925 F, but recrystalliza-
tion only along grain boundaries was observed at a slower rate of 0. 016 inch/sec
at the same temperature. Preliminary work on an AI-5. 6Zn-2. 4Mg-I.4Cu alloy
has shown that the slloy resists recrystallization during hot working and recrystal-
lizes to a moderately fine grain size on subsequent solution heat treatment.
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SUMMARY

The objectives of both tasks of this project are concerned with studies of var-
ious aspects of processing aluminum alloys. In Task A, the size and distribution
of all three types of second-phase particles that occur in aluminum alloys will be
controlled. The three types are the large insoluble phases (iron and silicon beir-

ing), the intermediate size particles (chromium, manganese, or zirconium bearing)
and the hardening precipitates. There are indications that the amount and distri-
bution of each of these phases can affect final properties, particularly fracture
toughness. The present work is designed to produce material containing controlled
amounts of these second phases and to determine their influence on final properties.
Control of the large particles is achieved by choice of composition, control of the
intermediate particles is by suitable homogenization, and control of the harden-
ing precipitates is by choice of aging practice. So far, both 7000 (Al-Zn-Mg-Cu)
and 2000 (Al-Cu-Mg) alloys have been cast, and a homogenization study ;s nearly
complete. Two homogenization practices will be chosen for each alloy, one to
produce a fine distribution of the intermediate particles and the other to Froduce
a coarse distribution. The effect of such homogenization practices on grain struc-
ture is shown for two Al-Cu-Mg alloys.

The Task B research studies have as their objective the development of a
recrystallized microstructure in wrought high-strength aluminum alloys during
hot-working operations. Studies are under way to determine the effects of strain
rate and temperature on the recrystallization behavior of 2024 and high-purity
Al-4. 6Cu alloy samples upset 50 percent in one deformation operation.

Initial studies have shown 2024 alloy to be extremely resistant to recyrstal-
lization. After upsetting at a fast rate (8. 8 inch/sec) at 9Z5 F, some areas along
grain boundaries appeared recrystallized, but little recrystallization was observed

after upsetting at a slow rate (0. 016 inch/sec) at 925 F or at lower temperatures.
No obvious change in microstructure occurred during solution heat treatment of the
upset samples. Recrystallization appeared complete in some areas of AI-4. 6Cu
upset at a fast rate at 925 F, and grain boundary recrystallization was observed
after upsetting at a slow rate at 925 F. At lower temperatures, no recrystalliza-
tion was apparent. These samples were held either 23 or 33 seconds at temperature
following upsettings and were then subjected to a moderately rapid cooling between
the upset dies (-10 F/sec). Work is being started to examine the importance of
postupset annealing in which variable annealing times, both at and above the upset
temperature, followed by water quenching will be examined.

Transmission electron microscopy is being used to examine subgrain size,
dislocation structure, and changes in precipitate morphology accompanying upset-

ting. Preliminary results suggest that subgrain size varies with position in the
original grains (i.e., smaller near grain boundaries). The presence of helical

dislocations in 2024 will apparently permit subgrains to be readily distinguished
from recrystallized material. Additional studies should permit the effects of

E.-



deformation temperature and strain rate on subgrain size to be determined. Pre-
liminary results suggest that the intermediate precipitate in 2024 may not be en-
tirely stable during hot working. Conformation of this unexpected observation is
planned.

Two high-purity AI-Zn-Mg-Cu alloys included in the Task A studies are
being processed so as to provide a fine-grained recrystallized microstructure.
The possibility exists that the use of multiple deformation recrystallization ste,,.i
may produce the desired microstructure in this material. These fine-grained ma-
terials will be evaluated to determine the effects of microstructural control on
tensile, toughness, fatigue, and stress corrosion properties. Preliminary investi-
gation has shown that one of the alloys, AI-5. 6Zn-2. 4Mg-l. 4Cu, although resistant
to recrystallization during hot working, recrystallizes quite readily to a moderately
fine grain size on subsequent solution heat treatment.

A
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INTRODUCTION

There is a continuing need for improved reliability of air frame structural
materials. To achieve this, improved or more consistent toughness, fatigue, and
corrosion resistance are essential. These parameters are increasingly being in-
cluded in rew specifications because of the more reliable test procedures devel-
oped over the last decade. The influence of such metallurgical variables as com-
position, heat treatment and aging have long been recognized as important, but
little systematic attention has been given to ether stages of processing. The pres-
ent work, the first year's results of which are reported here, is concerned with
interaction of processing with compositior. on the final properties of the product.
The work is divided into two tasks which are based on different premises to achieve
improved properties. These are:

Task A "The Relation Between Precipitate Microstructure and
Mechanical Properties in Aluminum Alloys"

Task B "A Fundamental Study of the Control of Grain Structure of

Aluminum Alloys During Primary Working"

The Task A research is being carried out in the Metal Science Group at

Battelle, in close collaboration (via a subcontract) with the Metallurgical Research
Division of the Reynolds Metals Company. The objective of this task is to deter-
mine the optimum combinations of small, intermediate, and large precipitates
consistent with high strength and a good resistance to fracture under unidirectional
or cyclic loading and stress corros.-.-i. A series of 13 experimental alloys ha.-
been prepared. The concentrations of major alloy elements are based on the com-
mercial 7075 and 2024 compositions, and the effects of alloy chemistry and ingot
homogenization treatment on the character and size distribution of intermediate
precipitates are being investigated. Alloys containing Cr, Mn, or Zr as the minor
alloy element have been subjected to different homogenization treatments, and the
resulting distributions of intermediate precipitates are being characterized by
transmission electron microscopy. In addition, the relation betwveen precipitate
microstructure and slip character is being studied in a high-purity Al-Zn-Mg-Cu

alloy.

The Task B research is being carried out in the Nonferrous Metallurgy
Division at Battelle. The objective of this task is to determine the primary work-
ing conditions of wrought aluminum alloys which produce a fine-grained, recrystal-
lized grain structure. It is expected that such a grain structure will effect a
greater resistance to stress-corrosion cracking than that associated with the elon-

gated, highly polygonized grain structure common to conve; tionally processed
aluminum alloys. Initially, the recrystallization behavior of two alloys, 2024 and

a high-purity Al-4. 6 Cu, will be studied as a function of hot-working conditions.
Hot working will be simulated by means of a programmed thermal-mechanical
testing machine (Gleeblel.

3
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TASK A. THE RELATION BETWEEN PRECIPITATE
MICROSTRUCTURE AND MECHANICAL

PROPERTIES OF ALUMINUM ALLOYS

Backg round

Since the mechanical properties of a heat-treated aluminum alloy are deter-

mined largely by the character and size distributions of second-phase particles,

it is logical to look to the origins and effects of microstructure for possible routes

to improved mechanical properties. Accordingly, the objective of this task is to

investigate how certain steps in processing affect the final precipitate mic'ostruc-

ture and to evaluate the effects of various precipitate size distributions on ambient-

temperature mechanical properties. A more detailed background to this project

was presented in the first semi-annual report(l);.

The various second-phase particles or precipitates which occur in high-
strength aluminum alloys can be conveniently divided into three groups according

to size and origin, as follows: (1) large precipitates (1-100 P) are mainly iron-

and silicon-rich compounds which form during casting, (2) intermediate precipi-

tates (500 A-0. 5 ý) are chromium-, manganese-, or zirconium-rich compounds

which precipitate during ingot homogenization, and (3) small precipitates (<0. 1 I)

are compounds such as MgZnz, CuAl2, and AlZCuMg, and their respective metas-

able forms (M7', 9, and S'), which precipitate during aging in the final heat
treatment.

Each of the three types of precipitates in aluminum alloys exerts a powerful

influence on specific mechanical properties. The large precipitates influence

toughness( 2 - 4 ) and fatigue strength(5-7). The intermediate precipitates control

grain size and morphology, and in certain alloys they stabilize the dislocation sub-

structure. They also have a direct influence on toughness since their character

and size distribution determine the critical strain required for microvoid coales-

cence( 3 - 4 ). In addition, the nondeformable intermediate precipitates should pro-

mote homogeneous slip, which is expected to increase an alloy's resistance to the

initiation of cracks by fatigue( 8 - 9 ) or stress corrosion( 1 0 -1 1 ). The small precipi-

tates interact with glide disiocations and hence determine an alloy's yield strength

and slip character. As a result of years of development work the presently attain-

able room-temperature yield stre~ngths are probably near the practicable maxi-

mum for most alloys. However, in o-.,er to improve the resistance of high-

Etrengtih alloys to fatigue and stress-corrosion cracking, some attention should

be given to the problem of achieving a homogeneous slip character at a high

strength level. It is also important to control the density of grain-boundary pre-

cipitates for improved toughness( 1 2 ) and resistance to stress-corrosion

c racking( 1 3 ).

TRefercnce. appear on page .
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Thus, the mechanical behavior of h:gh-strength aluminum alloys is deter-
mined by the total precipitate microstructure. In order to arrive at the optimum
combination of small, intermediate, and large precipitates for a particular appli-
cation. it is necessary to control the size distribution of each type of precipitate at

all stages of processing. This is the overall objective o±i Task A of this program.
However, at present the work under Task A is concentrating on two areas of inves-
tigation: (1) controlling the type and size distribution of intermediate precipitates
by alloy chemistry and ingot-homogenization treatment and (2) determining the

relation between precipitate microstructure and slip character.

Controlling the Size Distribution of
Intermediate Precipitates

The intermediate precipitates are compounds of aluminum with elements such

as Cr, Min, and Zr. These minor alloy elements are added to commercial alloys
to control recrystallization. Generally, the Mn-rich phases have the largest
particle sizes followed by the Cr-rich phases and the Zr-rich phase. The last

exists as very small particles (300-700 A) which exhibit strain-contrast effects in
transmission electron microscopy, indicating that they are partially coherent with

the matrix.

The elements which form the intermediate precipitates have exceedingly low
solid solubilities and diffusivities in aluminum(14 ). Consequently, these minor-

alloy elements are retained in solid solution during casting and form regions of
supersaturation at the centers of the primary dendrites. During ingot homogeniza-
tion the intermediate precipitates form in these region!: of supersaturation. Be-

cause of the low solubilities and diffusivities of their constituent elements, they arc
thought to be stable with respect to coarsening or dissolution during subsequent

thermal and mechanical treatments. Since the intermediate precipitates tend to
form at the center of the primary dendrites, their distribution throughout a given

piece of material can be nonuniform. This nonuniform distribution persists during
working and heat-treatment operations and results in microstructural patterns in

certain wrought products which are !'novn as "banding".

Thus, any effort to control the character or size distribution of the inter-
mediate precipitates must take the following factors into consideration:

(1) Alloy chemistry (minor alloy elements and impurity elements)

(2) Solidification conditions (cooling rate, degree of agitation, etc.

(3) Diffusivities of minor-alloy elements

(4) Distribution of large precipitates

(5) Ingot homogenization treatment.

5



In the present research, only the effects of alloy chemistry and ingot homogeniza-
tion treatment are being investigated systematically. However, the effects of the
other variables are being considered when necessary (e. g., the nonuniform dis-
tribution of particles due to segregation during solidification).

Experimental Program

The experimental program is concerned initially with fabrication of materials,
documentation of microstructure and a testing program to evaluate strength, frac-
ture toughness, fatigue, and corrosion reskstance. Before final material process-
ing, a homogenization study is being carried out to determine the effect of time and
temperature on intermediate particle size and spacing. From this study, two
homogenization practices will be chosen for each group of alloys so that a coarse
and a fine distribution of the intermediate particles can be achieved. A flow chart
for the homogenization study and fabrication portions of the program is shown in I
Figure 1. •

All the alloys for Task A have been cast. Macroetched half slices are shown
in Figure 2. All are porosity free and fine grained, though alloys B and 0 contain
some "feathered" grains. This condition is the result of casting twins(15), but for
the present application, which is primnarily the production of sheet, it is not
expected that the effects of this cast structure will be obvious in the final product. I
Thus, these ingots will not be recast and will represent another minor variation
which can be followed through processing.

The analyses of all the ingots are given in Table I. For convenience, two
methods of describing alloys are used; one is an arbitrary letter and the other is
the closest Aluminum Association alloy designation together with any element sub-
stitucion. Since, with the exception of Alloy 0, only one element of the group Cr,
Zr, Mn, or V is added to an alloy, then a designation 7475+Zr means the substitu-
tion of Cr by Zr in Alloy 7475.

Alloy J was intended to be Alloy D. Since it was cast early in the program,
it has been used for expediency in those portions of the work which would not be
affected by the minor deviation in chemistry. This alloy will not be included in any
further work.

Homogenization Study

-1

The objective of this study is to determine two homogenizatiorn practices for
each type of alloy, i.e., for Cr-bearing 7000 series alloys, Zr-bearing 7000 ser-
ies alloys, Mn-bearing 2000 series alloys, and the Zr- and V-bearing 2000 series
alloy. The selected practices are to produce a fine and coarse distribution of the

-9
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!i ' !Investigate 750 F (400 Q),

Homogenization 850 F (454 C) and Tmax for Determine minimum

6, 72, 240, and 670 hours SHT pracices
' ' that will dissolve

soluble phases
without affecting
intermediate
precipitates

i Electron Mi'cros~opyI1

Select high and low homogenization

practices to produce coarse and fine
distribution of intermediate particles

I Apply these homogenization practices, then scalp
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appropriate intermediate particles. It is presumed that all Cr-bearing 7000 ser-
ies alloys will behave in a similar manner so that only one need be considered,
Therefore, Alloy B was chosen. Similarly, for the Zr-bearing 7000 series,

Alloy J was selected; Alloys M and 0 were selected for the other two alloy types.
There is some evidence(1 6 , 17) that the level of Si or Fe can accelerate the precip-
itation of Zr-bearing particles in an Al-Zr binary; however, the effect of Fe and
Si are not expected to have a critical effect on the distribution of intermediate
precipitates.

Samples from these four ingots were subjected to 12 different time-
temperature combinations. After the determination of a suitable solution heat
treatment (SHT) practice for each condition, these samples were examined by
transmission electron microscopy (TEM) to determine the size and distribution of
the intermediate particles. Since only a coarse and a fine distribution were
desired, it was not necessary to carry out accurate quantitative metallography.
If differences are not readily apparent, then the precise homogenization selected
will not be critical.

After homogenization the specimens were still-air cooled and hence contained
dense, coarse precipitates of soluble phases which would obscure the intermediate
particles in TEM. Thus, it was necessary to apply a SHT to return the matrix
precipitates to solid solution. Some caution had to be used in selecting a SHT
practice for the material homogenized at low temperatures in order that significant
growth of the intermediate particles does not occur. It was found that a few
minutes at conventional SHT temperatures was sufficient to dissolve the soluble
phases without appreciable growth of the intermediate particles( 1 ).

The homogenization practices which were applied to small full-thickness
sections cut from Ingots B, J*, M, and 0 are listed in Table II. The above tem-
peratures span the entire feasible range and the times cover the most practical two .
orders of magnitude. All metallography samples were taken at a depth approxi-
mately one quarter of the way through the thickness.

TABLE II. EXPERIMENTAL HOMOGENIZATION TREATMENTS

Homogenization
Alloys Temperature Homogenization Time, hr

B, J,M & 0 750 F (400 C)
B, J, M & 0 850 F (454 C)
M & 0 925 F (496 C) 6, 72, 240& 670
B, J 16 hr @ 860 F (460 C)

+ 960 F (515 C)

*Alloy ] was used for this part of the program since it war not discovcred to be an outof.specification version of Alloy D
until the homogenization study was undcr way. Since only the Si level was too higl,. its usc was continued for the
homogcnization study.
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So far, the homogenization study has been completed for Alloys M and B.
The work on Alloy J is nearly finished and for Alloy 0 it is hindered by intermedi-
ate particle identification problems. In Alloy 0 the presence of typical Zr-
bearing particles is readily evident; however, identification of V-bearing particles
with either transmission electron microscopy or the electron microprobe has not
been possible. Further work will be carried out in an effort to choose the two
homogenization practices.

Homogenization Study of Alloys
M (2024) and 0 (Z024+Zr+V)

Some typical transmission electron microgiaphs of homogenized samples of
Alloy M (2024) are shown in Figure 3 and of Alloy 0 (2124) in Figure 4. In Fig-
ure 3a two areas of the "as-cast" material are shown. The micrograph on the
left shows platelets of 0 and S phase. The area shown in the right-hand micrograph
is somewhat unusual inasmuch as it appears to consist of an array of small plates
following common boundaries. Whatever their structure, all these plates dis-
appear after a short (10 min. ) SHT at 925 F (496 C). The bulk of the solution-
heat-treated material looked like the left-hand side of Figure 3b. A few areas did
contain small particles as shown in the right-hand micrograph of Figure 3b. As
expected, particle coarsening occurs with increasing homogenization time or tem-
perature (Figure 3c). A summary of the lath length and width ranges seen in these
particles is given in Table III. The same size data are shown plotted on a log-log
plot as a function of reciprocal temperature in Figure 5 and time in Figure 6 a
and b. Since only approximate size ranges were measured on a few micrographs,
it is difficult to draw conclusions. For a diffusion-controlled coarsening mechanism
of spherical particles it would be expected that coarsening be governed by

3 r) 3  Kt
( F T ( (1)

where r is the average particle size after coarsening from an initial average size of
rol t is time, T is temperature, and K is a function of the coefficient of diffusion, D,
molar volun" of the particle, equilibrium solute concentration, and the interfacial
free energy of the particle-matrix interface. Thus, if ro is negligibly small and
K is regarded as a constant, then a logarithm plot of r against t or l/T should have
a slope of one-third. Equation (1) emerged from extensions of the Lifschitz-
Wagner theory to coarsening of particles in a solid matrix( 18 , 19). This equation
takes no account of the effect of volume fraction(RO) or particle shapes other than
spherical( 2 1) nor the dependence of D on solute concentration( 2 2 ). The effect of
shape is particularly important; the exponent of Equation (1) can vary from unity
in the case of lengthening of plates( 2 3 ) to numbers greater than 3(21). Thus, we
rewrite Equation (1) as

n (n Kt

0IM
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While it is not possible to derive a value of n in Figures 5 and 6, at least thevalue of n = I and n = 3 can be compared with the present data. From Figure 6 it•

seems that n is approximately 3, which is in agreement with Equation (1). As a A
function of I/T (Figure 5), however, n is much higher than 3, probably due to the

fact that K varies with temperature or because of changes in the nucleation rate

with temperature. It is also of interest that the aspect ratios of these particlesremained approximately constant during homogenization.

TABLE III. MANGANESE-BEARING PARTICLE SIZE IN ALLOY M
AS A FUNCTION OF HOMOGENIZATION PRACTICE

Particle Length (1) and Width (w)
Ranges, in Microns, at Indicated

Homoeniztion ________ Homogenization Temperatures
Time, hr Dimension 750 F (400 C) 850 F (454 C) 925 F (496 C)

-_ 6 1 o.1-0.3 0.2-0.3 0.3-0.8
w 0.05 0.035-0.5 0.05-0.1

72 1 0.2-0.4 0.025-0.8
w 0.05-0.09 0.05-0.IC

240 1 1.5-3
w 0.1-0.25

670 1 0.3-0.5 0.1-0.2 0.15-0.3

The two homogenization practices for A.loy M were 6 h.,urs at 850 F (454 C)

and 240 hours at 925 F (496 C). The lower temperature pra-tice was chosen since
it led to a particle distribution similar to the 670-hour treatment and was therefore

more convenient.

As mentioned earlier, some problem has been experienced in detecting the

presence of vanadium in Alloy 0. Some typical TEM micrographs are shown in

Figure 4. The small round particles in the material homogenized at 750 F (400 C)
or 850 F (454 C) appear to be Zr-bearing phases. It can be seen that some size-
difference can be achieved, such as between 72 hours at 850 F (454 C) andS": 670 hours at 850 F (454 C). Some unidentified coarse particles were seen, such as

those shown in Figure 4 - 670 hours at 925 F (496 C). however, it was not possible
to obtain diffraction patterns.

The final practices for the Zr-bearing 7000 series alloys and Alloy 0 have

not been selected, although a homogenization of 6 or 72 hours at 850 F (454 C)
along with 240 hours at 960 F (515 C) is expected to be employed for the
7000 series.

17



Homogenization Study of Alloys B (7475)
and J (7475+Zr)

The characterization of Alloy B by TEM and optical microscopy is shown in

Figures 7 and 8, respectively. The composition of Alloy B corresponds approxi-
mately to Aluminum Association Designation 7475. The composition is given in
Table I. The homogenization and solution heat treatments studied for Alloy B are
listed in Table IV. B-72/750" (Figure 7a) and B-6/850 (Figure 7c) do not appear
to show much difference in the TEM structure. The dislocation density appears to
be about the same, but on reverting to low magnification (Figure 8a-f) it would
appear that B-72/750 had the superior homogenizing treatment. However, on view-
ing all the alloys there is definite shape progression from B-72/750 (Figure 7a),
which has a majority of small, basically round particles, up to B-670/960 (Fig-
ure 7m), which has very large particles with a greater tendency to angularity.
When viewing B-670/960 optically, it would appear that the particles had grown to
the extent that they become visible at 500X (Figure 8f). On comparing B-72/750
with B-670/960 in the electron microscope, Figures 7a and 7m, we find evidence
of Ostwald ripening, since the more extended homogenization treatment produced
a smaller number of larger particles. One alloy that showed a drastic difference
was B-72/850 (Figure 7g). It would appear that it contained some form of planar
defect. This "defect" had a certain orientation preference as can be seen from
Figure 7g. This alloy was the only one that gave a variation in diffraction pat-
terns (Figure 7h); on analysis it shows that the intersection of the "defects" with
the foil surface is along [ 0011 and that the "planar defects" probably are along
(110) or (110) planes. An analysis of particle size variation showed a general
increase as the homogenization treatments became longer and the temperatures
were increased (Table IV). The "planar defects" ' - B-72/850 did not appear to
affect the particle size. All particles other than the "planar defects" observed
during this characterization would be termed intermediate precipitates.

Alloy J was also characterized by TEM and optical microscopy as is shown
in Figuret. 9 and 10, respectively. This alloy is of similar composition to Alloy B
but with added Si and Zr. One objective in this alloy was to determine the homog-
enization treatments required to produce a uniform distribution of Zr-rich parti-
cles. The alloys characterized are listed in Table V. J-72/750 (Figure 9a)
showed similar "planar defects" to those found in B-72/850. They appeared far
denser and also smaller in overall size. The only connection between B-72/850
and J-72/750 was that their homogenization treatment was for 72 hours, but
B-72/850 was at 850 F (454 C) and J-72/750 was at 750 F (399 C), which could
explain the variation and difference in distribution of the defects between the alloys.
J-72/750 also showed extra diffracted spots superimposed on the (001) matrix dif-
fraction pattern (Figure 9d). There was some evidence of small clusters that were
assumed to be Zr particles (Figure 9a) in the matrix between the "planar defects".
Figure 9e shows J-6/850 to have a clear matrix with a reasonably low dislocation

" in the terminol••gy used in this report for specim,.n ,nmb.mr. "B is it,. alloy dcsi.nnalion. 72 i; time in hours. and 75,)
is tenperature. F.

* *~--
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TABLE IV. HEAT TREATYENT VERSUS PARTICLE SIZE IN THE 'B' SERIES

Average
Specimen Homogenization Solution Particle

No. Treatment Treatment Size, A

B-72/750(a) 72 hr @ 750 F (399 C) 15 min @ 910 F (488 C) 381

B-6/850 6 hr @ 850 F (454 C) I hr @ 850 F (454 C)+ 467
15 min @ 910 F (488 C)

B-72/850 72 hr @ 850 F (454 C) 1 hr @ 850 F (454 C)+ 612
15 min @ 910 F (488 C)

SB-6/960 16 hr @ 870 F (466 C)+ 1 hr @ 850 F (454 C)+ 683
6 hr @ 959 F (516 C) I hr @ 910 F (488 C)

B-72/960 16 hr @ 870 F (466 C)+ 1 hr @ 850 F (454 C)+ 812
72 hr @ 959 F (516 C) I hr @ 910 F (488 C)

B-240/960 16 hr @ 870 F (466 C)+ 1 hr @ 850 F (454 C)+ 812
240 hr @ 954 F (513 C) 1 hr @ 910 F (488 C)

B-670/960 16 hr @ 870 F (466 C)+ I hr @ 850 F (454 C)+ 1224
670 hr @ 954 F (513 C) 1 hr @ 910 F (488 C)

(a) In the terminology used in this report for specimen number, "B" is
the alloy designation, 72 is time in hours, and 750 is tempera-
ture, F.

TABLE V. HEAT TREATMENTS GIVEN IN TE 'J,' SERIES

Homogenization Solution
Specimen No. Treatment Treatment

J-72/750 72 hr @ 750 F (399 C) 15 min @ 910 F (488 C)

.•- J-6/850 6 hr @ 850 F (454 C) I hr @ 850 F (454 C)+
15 min @ 910 F (488 C)

.J-72/850 72 hr @ 850 F 1 hr @ 850 F

J-72/960 16 hr @ 850 F (454 C)+ 1 hr @ 850 F (454 C)+
72 hr @ 959 F (516 C) 1 hr @ 910 F (488 C)

J-240/960 16 hr @ 870 F (466 C)+240 hr @ 954 F (513 C)C)+;4I hr @ 910 F (488 C)

1J-670/960 16 hr @ 870 F (466 C)+ 1 hr @ 850 F (454 C)+
670 hr @ 954 F (513 C) I hr @ 910 F (488 C)
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density and a very low count of Zr particles. 5-72/960 1 nexpectedly formed a
high density of large particles that appeared to be somewhat similar to those znund
in the 'B' series; small Zr particles could still be seen in the background (Fig-
ure 9g). Comparing J-72/960 (Figure 9g) and 5-240/960 (Figure 9i), it appears
that homogenization times over 72 hours at 954 F (513 C) are required to produce
a desired microstructure for this series. In 5-240/960 (Figure 9i) all the large
intermediate particles appear to have dissolved and we are left with a reasonably
dislocation-free matrix with a relatively even distribution of Zr particles. The
average size is about 500 A. The density of these particles appeared to be higher
and of more uniform distribution in 5-240/960 (Figure 9i) than in J-670/960 (Fig-
ure 9m). From this characterization it would appear that the homogenization time

of 670 hours would be most suitable to produce large Zr particles. The low-
magnification micrographs (Figure 10) simply show a general improvement and
clearing with increasing homogenization treatments.

Final Homogenization and Processing

The following homogenizations have been applied to sections of the stress-
relieved [ -16 hr at 525 F (275 C)] ingot:

Low-Temperature High-Temperature
Alloys Homogenization Homogenization

M &N 6 hr @ 850 F (454 C) 240hr @ 925 F (496 C)
A, B, & C 6 hr @ 850 F (454 C) 670 hr @ 960 F (515 C)

All these materials have been scalped and rolled to various gages. During
rolling their temperature was kept above 600 F (315 C) down to approximately
0. 1Z5-in. gage. Below this gage, the high chill factor of the rolls led to essentially
warm rolling, although the material was heated. Portions were retained at 1. 0,
0. 5, 0.25, 0. 125, and 0. 063-in. gage. The effects of the different intermediate
particle sizes on recrystallization and grain size are shown in Figures 11-16 for
alloys M and N. It can be seen that Mn particle size has a definite effect on grain
size, particularly in Alloy N. An analysis of grain size and shape is given in
Table VI. Very few trends can be seen in the grain-size data, except those for the
much coarser grain size of the 1. 0-in. material. There was a tendency for grain
coarsening at the thinner gages, which was probably due to the warm working of
these gages during rolling. Some dynamic recrystallization is evident in Figure 11
in the 0. 063-in. material in the "as-rolled" condition. On solution heat treating of
this material, considerable grain growth is evident, particularly in the material
homogenized at 925 F (496 C). The same trends can be seen for Alloy N in Fig-
ure 14. Micrographs of all gages after solution heat treatment are shown in
Figures 13 and 16. It is evident that Alloy N suffers more grain growth in the high-
temperature homogenized condition than does Alloy M. This could be due to the
presence of more Fe- and Si-bearing phases or to the higher "soluble" phase con-tent which exceeds the solid solubility. This could be part of tae reason for the
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low-temperature homogenized material's greater resistance to grain growth (Fig-

ure 16) since Alloy N also contains considerable amounts of undissolved soluble

phases (Figure 15).

Figures 12 and 15 show the "as-polished" structure after solution heat treat-

ing. It can be seen that some differences in the volume fraction of second-phase

particles are still present after rolling. That is, rolling plus solution heat treat-

ing was not sufficient to return as much second phase to solution as was attained

with the prolonged homogenization of the high-temperature practice. Measurements

were made on an electronic particle counter of the volume percent of the second

phase. The results of these counts are shown in Table VII. Note that prolonged

homogenization nas no systematic effect on the amount of the second phase of

Alloy M, wh'le it has a distinct effect on Alloy N. The effect of longer solution

heat treatment practices on the low-temperature homogenized material will be

determined.

TABLE VII. VOLUME PERCENT OF SECOND-PHASE PARTICLES IN HOMOGENIZET)

ALLOYS M AND N(a)

Alloy M Alloy N

6 Hr 240 Hr 6 Hr 240 Hr
at 850 F at 925 F at 850 F at 925 F

Gage, in. (456 C) (496 C) (454 C) (496 C)

Ingot 3.3 2.8 1.4 < 0.2 (b)

1 2.7 2.3 1.2 < 0.2 (0)

0.5 2.4 (b) 2.7 (b) 0.6 (b) < 0.2 (W)

0.25 1.8 (b) 1.6 (b) 0.4 < 0.2 (b)

0.125 2.0 (b) 2.2 (b) 0. 7 (b) < 0.2 (b)

0.063 1.9 (b) 2.4 (h) 0.5 < 0.2 (b)

(a) Each value from 100 fields at 725X.

(b) Contained fine particles 1e. than 2 microns in diameter which were
not counted.
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GRAIN, STRUCTUtRE OF 0. 5 tND 0. 063 INCH-GAGE MATERIAL.
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GRAIN STRUCTURE OF 0.5 AND 0. 063 INCH-GAGE MATERIAL

Solution heat treated I hour at 925 F (496 C).
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FIGURE 16. ALLOY N (2124); KELLER'S ETCH EFFECT OF ROLLING
AND HOMOGENIZATION ON GRAIN STRUCTURE

Solution heat treated 1 hr at 925 F (496 C).
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Aging Practices for Alloys M (2024) and N (2124)

Prior to starting the test program, suitable aging practices must be selected.
The objective will be to find two aging practices which lead to similar strengths yet
have different slip modes. Initial work on Alloys M and N was carried out to deter-
mine the tensile aging curve for both homogenization practices. The results of
these tests are shown in Table VIII. There is apparently a drop in yield strength at
13 hours of aging. The material aged for this time was processed separately and,I
since its strength doesn't fit with the adjoining data, it must be regarded as sus-

pect; also, the T81 data [12 hr at 370 F (188 C)] do fit well with the remainder of
the aging curve. It can be seen that basically neither homogenization nor composi-
tion strongly influenced aging. The high-temperature homogenized version of
Alloy N has consistently higher strength, which may be due to the presence of
more solute in solution (Table VII). However, the values of electrical conductivity
(Table VIII), which essentially measure the amount of solute in solution, are
higher for the high-temperature homogenized version of Alloy N. This is indica-
tive of less in solution rather than more. A similar trend in electrical conductivity
without any strength variations can be seen for Alloy M in Table VIII. Extended
solution heat treatment practices will be employed on the low-temperature homog-
enized materials in an attempt to achieve increased dissolution. For the fracture
toughness portions of the work it will be necessary to minimize the second-phase
particle content difference between the homogenization practices if the effect of the
different-size intermediate particles is to be detected.

In order to choose aging practices for the 2000 series alloys which will lead
to different deformation modes, it may be necessary to use room temperature
aged material. To this end, room temperature aging data are shown in Table IX.
A long delay (14 days) was experienced between quenching and stretching due to a

stretcher malfunction. It can be seen that little change in strength occurs between
4 and 35 days after stretching. Note that for both alloys the low-temperature
homogenization version leads to greatly improved elongation. This may be indica-
tive of toughness differences.
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IV

TASK B. CONTROL OF GRAIN STRUCTURE DURING HOT WORKING

Background

Aluminum alloys belong to a group of materials which dissipate strain hard-
ening during hot working by extensive dynamic recovery as opposed to recrystalli-
zation. Recrystallization, when it occurs during hot working (or most probably,
immediately following), usually introduces a coarse grain structure fairly damaging
to mechanical properties. As a result, alloy compositions and processing schedules
for high- strength wrought alloys have been modified to favor dynamic recovery
during hot working. During fabrication, current high- strength alloys normally
develop a highly elongated grain structure, which is often directly related to the
cast grain size and the degree of deformation and consists of large areas of simi-
larly oriented, highly developed subgrains separated by boundary regions contain-
ing stringered intermetallic phases. This structure can remain essentially un-
changed during subsequent heat treatment. The present study is designed to
determine whether this structure can be replaced by a fine equiaxed grain structure

with intermetallics much more randomly distributed through control of deformation
conditions and composition so as to induce recrystallization during hot working.

Benefits to properties of high-strength aluminum alloys might be expected
in at least three areas if the present elongated, highly polygonized (recovered)
structure were replaced by a fine-grained recrystallized structure. First, the
pronounced directionality of mechanical properties might be reduced by replacing
the highly preferred hot-rolling texture with a more random recrystallized texture.
Second, stress-corrosion resistance in the short transverse direction might be
improved by replacing a few large, continuous grain boundaries with a multitude

of randomly oriented, interconnected grain boundaries. Third, fracture toughness
and fatigue strength might be increased by replacing la _- regions of similarly
oriented material which promote extensive localized s! •, and easy crack extension
with a random, fine-grained structure where frequent changes of slip or crack di-
rection would be necessary.

The program presently under way is designed to determine whether a fine-
grained recrystallize6 microstructure can be introduced into aluminum alloys
during hot working by control of processing conditions and composition. Initial
studies are examining the recrystallization behavior of two alloys - 2024 and high-
purity Al-4. 6Cu - as a function of hot-working conditions. Hot working is being
accomplished by upset forging on a Gleeble unit which permits a wide variation of
strain rate, temperature history, and strain. Efforts to produce the desired type
of fine-grained equiaxed micy ostructure in two high-purity Al- Zn-Mg-Cu alloys
by multiple deformation recrystallizition sequences are also under way. The
properties of these materials will be evaluated to determine the advantages of an
equiaxed microstructure. These studies will be followed by efforts to promote
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greater controi of recrystallization behavior by alloy modification. Finally, fabri-
cation of selected high-strength alloys with a fine-grained recrystallized micro-
structure is planned by controlled hot-working procedures using conventional pri-
mary working equipment and to evaluate the effects of this structure on the proper-
ties as heat treated.

Preliminary Upse&.ting Studies

In the first semiannual report the development of a Gleeble test procedure
for upsetting cylindrical aluminum alloy samples between steel dies was de-
scribed(l). Samples measuring 0.25 inch in diameter and 0.5 inch long were
machined from commercial 2024-T4 rod for upsetting. These samples were solu-
tion heat treated for 5 hours at 920 F and water quenched following machining to
stablilize the grain structure; the structure resulting from this treatment is shown
in Figure 17. A highly elongated structure was present in the 2024 alloy. The
average grain thickness was about 0. 04 mm, with the grain length more than ten
times the grain thickness.

Initial upsetting trials were made using conical upsetting dies which it was
hoped could improve homogeneity of deformation by minimizing the effects of die
friction. The dies were machined to provide a 7-degree convex taper, with a
matching concave taper on the sample ends. It was found that lubrication was
necessary using this die shape to avoid excessive barreling. A few upsetting runs
were also made using lubricated flat dies. In these runs, the sample ends were I
also flat.

Samples were resistance heated to the upsetting ter-perature in 50 seconds
and were held at temperature from 210 to 420 seconds before upsetting. Following
upsetting, the samples were colled to room temperature in contact with the steel
dies. Heat input was stopped immediately upon completion of the upset. Cooling
rate in the dies was from 7 to 10 F/second as measured between 760 and 520 F, $
being somewhat slower the higher the upsetting temperature.

The upsetting cond'tions examined during these preliminary studies are
given in Table X. Seve-al conclusions were reached on the basis of these studies I
which were of value in optimizing upsetting procedures. These are summarized
below:

(1) A tapered upsetting die is not adequate in itself to avoid barreling.
However, the use of lubricant on the die surface (Oil-Dag) greatly
improved the uniformity of deformation.

(2) Although the experimental technique is satisfactory for controlling
sample temperature, some arcing at the sample:die interface
occasionally occurs. This lends to pitting of the die surface and
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TABLE X. UPSETTING CONDITIONS USED IN EQUIPMENT FAMILIARIZATION TRIALS

Upset Reduction Holding Time
Run Temperature, Rate, Die in Height, Before Unset,

No. F in./sec Design percent sec(c)

40 750 0.016 C 88 210
41 750 8.8 C 46 420
42 750 8.8 C 72 420
43 750 8.8 C 92 420

27(b) 800 0.016 C 33 315
28 800 0.016 C 30 210
33 800 0.016 C 47 210
29 800 3.2 C 30 210
32 800 3.2 C 50 210

34 800 8.8 C 19 210
30 800 8.8 C 26 210
31 800 8.8 . 49 210
35 800 8.8 C 75 210

36 850 8.8 C 25 210
38 850 b.8 C 87 210
37 850 8.8 C 90 210

39 900 8.8 C 88 210

44 750 8.8 F 15 420
115 750 8.8 F 70 420
46 750 8.8 F 83 420

47 850 8.8 F 50 420

(a) Conical (C) or flat (F).

(b) This sample was upset without lubrication. All others were lubricated
with Oil-Dag.

(c) Samples were die cooled imrmediately after upsetting.
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progressively less satisfactory upsetting behavior. Frequent die
inspection and regrinding as necessary is desirable to maintain
homogeneous deformation.

(3) Control of upset uniformity requires fairly exact sample alignment

when using the conical dies. Examples of several types of non-
uniform upsetting observed in these studies are shown in Figure 18.
Problems in controlling upsetting increased with amount of reduction
and with upset rate.

(4) The Gleeble equipment was unable to maintain a uniform upset rate
(rate of ram advance) at the highest upset rate (8. 8 inch per second)
with the 0.25-inch-diameter sample at reduction greater than about
60 percent. This problem was apparently related to the increase
in load required to continue a uniform upset rate as the sample area

increased. Decreasing the ioad requirement by reducing the initial

sample size would presumably permit a larger reduction to be
developed at constant upset rate. However, since a steady-state
condition is reached in aluminum alloys at relatively low strain
levels in which flow stress is independent of strain(2 4 ), the inability

-:• to maintain a constant upset rate to high reductions is not considered

a serious problem except insofar as it affects the strain rate obtain-
able in the Gleeble unit.

(5) Satisfactory upsets can be made with lubricated flat dies - thus
avoiding the problems with alignment encountered with conical

_ ~ dies - but the homogeniety of upset is not as attractive as that
obtained in properly aligned conical dies.

(6) The Gleeble unit can be programed to provide a continuous measure-

ment of temperature, ram travel, and applied load during upsetting
as a function of time as shown in Figure 19. * These values, in con-
junction with measured sample dimensions, can be used to determine
true strain rate and flow stress at any point in the test. Flow stress. at the end of the upset process was recorded in later studies. Adi-
abatic heating can also be measured (at a mid-lheight surface location).

Four of the samples upset in these preliminary studies were sectioned for
imetallographic examination. Microstructure was examined both as upset and after[ solution heat treatment for 20 minutes at 920 F with water quenching. These
structures are shown in Figures 20 and 21. (Three of the photomricrographs of the
upset samples were included in the first semiannual report.) The microstructure
observed after approximately 90 percent reduction in height at two temperature:
rate conditions - 750 F at 0. 016 inch/sec and 900 F at 8. 8 inch/sec - are shown

*This chart is from a latcr run in which tempcrature was maintain':d at the upset tcmpcramec for a contrhllcd P"riod
following upset.
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FIGURE 18. EXAMPLES OF NONHOMOGENEOUS UPSETTING
OBSERVED IN FAMILIARIZATION TRIALS
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FIGURE 20. MICROST.IUCTURE OF 2024 AFTER UPSETTING

Axis of upset is vertical.
Top: 88 percent reduction at 750 F and

0. 016 inch/ sec - Run 40.
Bottom: 88 percent reduction a4- 900 F and

8. 8 inch/ sec -Run 39.
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in Figure 20. Neither sample showed appreciable recrystallization as upset,
although upsetting at the higher temperature and upset rate resulted in some areas
of fine-grained, apparently recrystallized material. S,,lution heat treatment, al-
though making the structure much easier to examine by solution of precipitates,
did not appear to alter the basic grain structure of either sample, suggesting both I
materials had recovered completely during upsetting or that recovery rather than
recrystallization accompanied solution heat treatment. The elongated grain
structure originally present plus the nonhomogeneous deformation encountered in
these samples precluded an effort to compare final grain shape with original grain
shape as altered by reduction. However, a 90 percent reduction in height would
reduce the vertical grain dimension 10 times while increasing the horizontal dimen-
sionxr•'T times (-3.2 times), and r comparison of the structure shown in Figure 17
with those in Figure 20 suggests that the upset structure probably developed from
the initial structure with no alteration in the number of grains (not including the
fine, recrystallized grains in Sample 39). Figure 21 shows the structures devel-
oped after two lesser amounts of upsetting, both conducted at 800 F and 8. 8 inch/
sec. These structures also suggest that solution heat treatment does not alter the
basic grain structure present after upsetting and that final grain shape is directly
related to initial grain shape and reduction.

Selection of Upsetting Procedures

Based upon the preliminary study, it appeared that uniformity of deformation
was quite sensitive to die shape and lubrication, even when limiting reduction to
50 or 60 percent. A series of 2024 alloy samples ineasuring 0. 25-inch diameter by
0. 5-inch height were upset under varying die shape and lubrication conditions to gain

additional information for selecting an optimum upsetting procedure. During these
runs, several experiments were also conducted to gain information about our ability
to apply a controlled temperature holding period following the upset and to quench
the sample following a controlled holding period. In initial studies, the samples
were cooled in the dies at a moderately rapid rate, halting heat input immediately
following upsetting. The Gleeble unit can be programed to maintain temperature
for a finite time after upsetting, to control to a higher or lower temperature
following upsetting, and to cool at a controlled slow rate. Quenching the upset
sample is also possible by placing a water container below the dies, opening the
dies at a preset time, and dropping the sample into the water. Several of these
variables were incorporated into the upsetting schedule of the samples used to study

the importance of die shape and lubrication. The studies conducted are summarized
in Table XI.

Samples were upset at two temperatures, 75 and 750 F. Behavior at the two
temperatures was quite different. Samples upset at 75 F in conical d-ies tended to
deform more at the die surface if lubricated, leading to a negative barreling factor.

By elimination of lubricant, fairly homogeneous deformation resulted. In flat dies,
appreciable barreling occurs even when lubricated. Flow stress values correlated
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quite well with barreling tendencies, as \\ould be anticipated since barreling is
related to surface friction. The effect of die shape on uniformity of deformation
at 75 F is shown in the macrostructures in the upper half of Figure 22. Unlubri-
cated conical dies resulted in noticeably more uniform deformation. At 750 F,
lubrication was necessary to avoid excessive barreling using the conical die. The
flow. behavior in unlubricated conical dies was similar to that in lubricated flat dies.
The variation of deformation behavior at 750 F as a function of die shape is shown
in the lower half of Figure 22.

Additional samples were upset at 750 F in lubricated flat dies to 50 percent
and 90 percent reductions of height to briefly examine the behavior of material
in these dies at other reduction levels. These results tended to confirm that up-
setting, although easier to control in flat dies, was less satisfactory from the
standpoint of homogeneity of flow.

Multiple upsets run under similar conditions tended to agree quite closely.
Barreling tendencies were similar, as was flow stress. Temperature increase
during upsetting, which was measured in tests at 750 F, was much more variable
and did not appear to be useful data.

Considerable flexibility in designing thermal treatment following upsetting
was demonstrated. Procedures were developed for quenching samples immediately
following a preset holding period. With experience, it is anticipated that quenching
can be conducted within 1 second after completion of the upset without undue diffi-
culty. Quenching within 5 seconds following upsetting was successfully accom-
plished in three different runs (56, 59, and 65). Programed slow cooling rates can
also be used if desired, although no immediate need for this type of treatment is
envisioned. Control of holding time following upsetting is readily accomplished;
this is expected to be of considerable assistance in determining recrystallization

behavior.

As discussed earlier and illustrated in Figure 19, the Gleeble chart can be

used to determine actual strain rate during upsetting. The present study confirmed
that the Gleeble could not maintain the preset upset rate to 60 percent reduction at

elevated temperatures, although upsets of 50 percent could be made satisfactorily.

Also, measurements indicated that the actual upset rate was less than the preset
upset rate, as indicated below:

Preset upset rate - 8. 8 inches per second

Measured at 75 F - 3.2 to 4. 7 inches per second

Measured at 750 F - 5. 5 to 6. 0 inches per second.

Upset rate was lowest when using flat dies and highest when using lubricated c-onical
dies.
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The inability to maintain the desired upset rate beyond about 50 percent
reduction ana the lower than programed value when using the 0. 25- inch-diameter
sanmples indicated that the maximum strain rate attainable at the conclusion of
upsetting was only 24 in. /in. /scc, appreciably less than our initially desired max-
imum strain rate of 100 in. /in. /sec or above. The use of smaller diameter sam-
pies (permitting upsetting at lower loads) was considered a possible way to over-
come this difficulty. A group of cylindric-al samples were prepared having a di-
ameter of 0. 125 inch and height of 0.25 inch to determine the usefulness of this

approach. These samples were upset at 750 F after holding at temperature for
420 seconds and were released from the dies and air cooled within 1 second after
upsetting. Both conical and flat lubricated dies were used. These runs are

described in Table XII.

TABLE XII. UPSET STUDIES OF 0.125-INCH!-DIANTER 2024 SAMPLES

Upset Reduction Measured Flow
Run Dio (a) Temperature, Rate, in Height, Upset Rate, Stress,
No. Design' F in./sec percent in./sec ksi

69 F 750 8.8 79 5.9 22.4

63 F 750 8.8 63 5.8 15.5

66 C 750 8.8 80 5.9 18.7

67 C 750 8.8 (b) 7.2 (h)

70 C 750 8.8 65 6.9 I..9

(a) Conical (C) or flat (F)

(b) De-ired reduction was 60 percent. Loss of control caused sample to be
molten near completion of upset.

Difficulty in maintaining the preset upset rate was encountered even with
this smaller sample. The upset rate was somewhat higher when using conical dies.
The Gleeble charts reproduced in Figure 23 showed that a constant upset rate could
be maintained at 65 percent but that some decrease in upset rate occurred near the
end of the 80 percent upset. A maximum useful upset of 75 percent is probably
possible at 750 F using 0. 125-inch-.diameter samples, giving a final strain rate of
100 in. /in. /sec zar more. Thus, it appears feasible to obtain higher strain rates
by reducing the samnple size if this becomes desirable as the program progresses.
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AT 750 F ON 0. 125-INCH-DIAMETER 2024 SAMPLES
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Inducing Recrystallization During Upsetting

During conventional hot working, high-strength aluminum alloys show dy-
namic recovery in preference to recrystallization. Control of deformation tempera-
ture and strain rate was considered as one method of inducing recrystallization in.
preference to recovery during hot working. Increasing strain rate should certainly
favor recrystallization, since dynamic recovery is inhibited by increasing strain
rati, as shown by the effect of strain rate on flow stress(24). The effect of defor-
mation temperature is mort. difficult to predict, however, since increased temper-
ature favors both increased dynamic recovery and recrystallization at lower levels
of strain hardening. Therefore, a study of the effects of strain rate on recrystal-
lization behavior over a fairly broad range of temperature was initiated. Post-
upset holding times of 23 and 33 seconds at the upsetting temperature followed by

die cooling were used. The study was conducted with 0.25-inch-diameter samples
upset 50 percent in conical dies. Samples of both 2024 alloy and a high-purity
A1-4. 6Cu binary alloy were examined.

The high-purity Al-4. 6Cu alloy was prepared from a 4-inch-diameter D.C.
ingot purchased from Reynolds Metals Company and fabricated to 0. 275 inch at
Battelle's Columbus Laboratories by extrusion and cold swaging. The compo-
sition of the ingot by analysis was 4.6 Cu, 0.011 Ti, and less than 0.01 Fe, Si, Zn
Mg, Mn, and Cr. The rod was solution heat treated for 1 hour at 1000 F and water
quenched to develop a coa.'se, equiaxed grain structure essentially free of sccond-
phase material. A photomicrograph of the structure of the binary alloy is shown in
Figure 24.

The experimental conditions examined, most of which were carried out in
duplicate, are summarized in Table XIII. Samples were originally planned to be
upset at two upset rates, 0. 016 and 8. 8 inch per second, and at four temperatures,

400 F, 650 F, 800 F, and 925 F. However, it proved quite difficult to obtain

satisfactory upsets at fast upset rates at 400 and 650 F, so work at these temper-
atures was reduced somewhat. Barreling was also more severe than anticipated,
presumably the result of progressive die roughening. As a result, deformation was
somewhat nonhomogeneous as illustrated for the A 1-4. 6Cu alloy in Figure 25.

Upset rate had an appreciable effect on flow stress and therefore presumably
also affected strain hardening. The average variation of flow stress with tempera-
ture and strain rate for 2024 alloy is summarized below:

Upset Flow Stress, ksi
Temperature, F 0.016 in. /sec 8.8 in./sec

400 72.8
650 17.8 24.1
800 9.8 17.8

925 5.4 15.0
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TABLE XIII. SAMPLES PREPARED FOR A STUDY OF THE EFFECT OF TEMFERATURE
AND STRAIN RATE ON RECRYSTALLIZATION BEHAVIOR

Upset Reduction Flow Measured
Run Temperature, Rate, in Height, Stress, Upset Rate, Barreling
Nc. Alloy F in./sec percent ksi in./sec Tendency

71 2024 400 0.016 42 - - 0.00

72 2024 400 0.016 42 72.8 0.007 -0.01

78 2024 650 0.016 50 17.8 0.017 0.11

99 2024 650 8.8 48 24.1 4.8 0.25

85 2024 800 0.016 33 10.3 0.018 0.22

82 2024 800 0.016 49 9.3 0.020 0.24

91 2024 800 8.8 53 18.0 5.3 0.22

92 2024 800 8.8 54 17.5 5.1 0.22

87 2024 925 0.016 54 5.4 0.018 0.22

88 2024 925 0.016 54 5.4 0.018 0.22

95 2024 925 8.8 51 15.1 6.0 0.23 '

96 2024 925 8.8 52 14.9 5.9 0.23

76 AI-4.6Cu 400 0.016 52 36.0 0.013 0.23S

75 al-4.6Cu 400 0.016 50 36.7 0.013 0.24

83 AI-4.6Cu 800 0.016 53 5.4 0.018 0.22

84 AI-4.6Cu 800 0.016 53 5.3 0.018 0.22

93 AI-4.6Cu 800 8.8 54 12.4 6.0 0.22

94 AI-4.6Cu 800 8.8 50 12.0 5.5 0.24

90 AI-4.6Cu 925 0.016 54 5.1 0.020 0.22

89 Al-4.6Cu 925 0.016 55 5.0 0.019 0.21
97 AI-4.6Cu 925 8.8 53 11.4 6.0 0.22

98 AI-4.6Cu 925 8.8 54 11.8 6.2 0.22
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Based on these results, the effect of upset rate on flow stress increased as temper-

ature increased. The A1-4.6Cu alloy, on the other hand, did not show this trend

quite so clearly:

Upset Flow Stress, ksi
Temperature. F 0. 016 in. /sec 8.8 in. sec

400 36.4

800 5.4 12.2
925 5.0 11.6

Despite the appreciable differences in flow stress observed as a function of upset
rate. hardness measurements made following cooling to room temperature in these

as well as earlier studies showed no apparent difference in hardness as a function
of either upset rate or percent reduction, as shown Table XIII. This suggests

that the differences in structure present during deferr .ation, as indicated by flow

stress differences, were rapidly eliminated followiL' upsetting. Also of interest

in this respect is the similarity of hardness measured .&,, samples cooled immedi-

ately after upsetting to that measured in samples held at temperature up to 33
seconds after upsetting. The rather pronounced .,ariation of hardness with upset
temperature shown in Table XIV is attributed larg-ly to age hardening behavior.

Optical metallographic examination of U-'.4 samples tended to confirm early
results as summarized in Figures 20 and 21. Recrystallization was observed only

at the highest temperature and was much more obvious at the higher upset rate. It
w ts observed only in limited regions, largely al :,g original grain boundaries.

Structures observed after upsetting at 925 F are shown in Figure 26.

Somewhat similar behavior was observed in the high-purity alloy. In this

case. however, grain boundary recrystallization was fairly extensive after up-

setting at 0.016 in. /sec at 925 F, while the sample upset at 8.8 in. /sec at 925 F

appeared to show fairly large areas of essentially complete recrystallization. ,4o

recrystallization was apparent at lower temperatures. Microstructures illustrat-

ing this behavior are reproduced in Figure 27.

Further evaluation of this series of upset samples is being carried out using

transmission electror microscopy. Preliminary results of these studies are given

in a following section of tý-;s report.

We plan to expand thi- study to examine t*- effects of variable holding periods

following upsetting on recrystallization behavior. Samples will also be examined

after upsettitig at one temperature, rapid heating to a second temperature, and
holding for variable periods. It is believed that recrystallization is occurring

following rather than during upsetting, if so, the e'egree of recrystallization may be
highly variable as a function of the annealing cond tion immediately following up-

setting. In these studies, samples will be water tiuenched upon completicn of the

upset-anneal sequence.
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TABLE XIV. HARDNXSS OF UPSET 2024 AND Al-4.6Cu ALLOY

VHN Holding Time
Run Temperature, 10-Kg After Upset, Type of
No. Alloy F • R Load second Cooling

63 ?024(a) 75 8.8 51 191 -

64 2024(a 75 8.8 50 174 -

71 2024(a) 400 0.016 42 181 40 Die cool

78 20241 () 650 0.016 50 86 33 Die cool
99 2024 650 8.8 48 90 23 Die cool

56 2094 (a) 750 8.o 58 105 10 Water quench
59 24 (a) 750 8.3 61 108 11 Water quench

!!0 2024(a) 750 0.016 88 91 0 Die cool

85 2 0 24(a) 800 0.016 53 106 33 Die cool
91 2024 (a) 800 8.8 53 105 23 Die cool
27 2024 800 0.016 33 101 0 Die cool

., 2024.. 800 0.016 47 106 0 Die cool
2024(a 800 .. 5 50 109 0 Die cool

31 20 24 (a) 800 8.8 49 104 0 Die cool(a)
34 2024.() 800 8.8 19 120 0 Die cool
35 2024 800 8.8 75 113 0 Die cool

36 2024(a) 850 8.8 25 121 0 Die cool
20'(a)

38 2024(a) 850 8.8 87 117 0 Die cool

39 2024 (a) 900 8.8 88 127 0 Die cool

95 204 (a) 925 8.8 51 128 23 Die cool

87 2024(a) 925 0.016 54 127 33 Die cool

76 AI-Cu(a) 400 0.016 52 100 33 Die cool

(,) 800 0.016 53 55 33 Die cool
83 Al-Cut . 800 8.8 54 55 23 Die cool

, . (a)
' ~93 AI-•u'808. 54 523ieoo

90 Al-Cut'. 925 0.016 54 60 33 Die cool
97 AI-Cti(a) 925 8.8 53 66 23 Die cool

(a) The initial hardness of 2024 was 133 VHN. That of Al-4.6Cu was 90 VIIN.
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Properties of Recrystallized Aluminum Alloys

The objective of this investigation, as discussed previously, is to develop
procedures for producing a fine-grained equiaxed microstructure during hot work-
ing. We anticipate that such a microstructure may favor superior stress-corrosion
resistance, fatigue strength, or fracture toughness as compared with the conven-

tional polygonized, highly directional wrought microstructure. These benefits are
anticipated not only from the fine recrystallized microstructure, but also from a
reduction in microsegregation. It is thought that residual alloy segregation from
the casting process will be significantly reduced by recrystallization during hot
working.

A structure equivalent to that sought may be available in properly processed
high-purity alloys in which recrystallization is relatively easy to induce. A high-
purity alloy processed by selected deformation-recrystallization sequences so as
to cause recrystallization to occur several times during fabrication might simulate
rather closely the type of structure which would be developed in commercial purity
alloys which recrystallized during hot working.

An early indication as to whether a fine equiaxed microstructure is benefi-
cial to properties may be available from evaluation after suitable processing of
two of the high-purity alloys prepared for study in Task A. Efforts are under way
to produce a fine-equiaxed microstructure in the following high-purity Al-Zn-Mg-
Cu Alloys.

Alloy Composi.ion, weight percent
Number Zn Mg Cu Cr Fe Si

X 5.60 2.44 1.43 <0.01" <0.01 <0.01
C 5.68 2.36 1.48 0.18 0.02 0.01

By multiple deformation-recrystallization operations it should be possible to de-
stroy all trac,:s of any residual segregation remaining from casting. Proper
selection of annealing conditions should allow control of grain size. The presence
of chromium in Alloy C is expected to provide added control of grain size. (Mater-
ial homogenized to produce a fine dispersion of chromium phase will be studied.)
Both alloys will be processed to sheet from 0. 25-inch plate for preliminary evalu-
ation of properties.

Portions of Alloy X obtained as 0. 25-inch plate have been processed under
varying conditions to determine how this composition responds to deformation and
heat treatment. T,.aterial was solution heat treated for 20 minutes at 870 F and
water quenched, following which samples were processed as follows:

(a) Cold rolled 50 percent in one pass, placed in a furnace at 370 F,
held 20 minutes, and water quenched
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(b) Hot rolled 50 percent at 860 F in one pass, then water quenched

immediately after rolling

(c) Same treatment as (b), then placed in a furnace at 870 F, held
20 minutes, and water quenched

(d) Same treatment as (b), then slowly heated to 870 F (3 hours between
550 F and 870 F), held 20 minutes at 870 F, and water quenched.

Photomicrographs of the microstructures resulting from these treatments are
shown in Figure 28.

Several points of interest are illustrated in Figure 28. First, it is apparent
that recrystallization does not occur during hot rolling. Second, it is seen that a
slightly elongated microstructt.re is developed on recrystallization and that grain

size is not appreciably different whether the sample was cold rolled or rolled at 860 F.
Third. it is apparent that slow heating following hot rolling did not induce recovery
instead of recrystallization, although it did favor a coarser recrystallized grain
size.

Studies of methods for controlling grain size in this alloy and in Alloy C will

be ccntinued. Efforts will be made to produce a fine-equiaxed grain size from
0. 25-inch plate involving at least three crystallization steps. Suitably processed
material of both Alloy X and Alloy C will be evaluated to deterrine tensile proper-
ties, tear properties, fatigue properties, and stress-corrosion rosistance.

Studies of Fine Structure

Transmission electron microscopy (TEM) is being used to study the fine

structure in upset samples. Although a recrystallized microstructure is being
sought which shiould be apparent in optical microscopy, studies of subgrain size,
dislocation arrangements, and precipitate distribution as a function of hot-working

conditions are expeated to aid in understanding the softening processes in aluminum
allcys. Preliminary studies in this area presently under way are intendei primar-
ily to learn how useful these techniques will prove in aiding our understanding of

recrvstall'zation and recovery processes.

The small size oif the upset specimens dictates the use of a jet indenting
technique for the preparation of TEM specimens. Specimens approximately 0. 020

inch thick and 0. I inch square are sctioned from the upset specimen, and both

sides of the specimen are indented with concentric dimples using a pneumatically
operated electrolý,ic iet(25). The specimens are indented until approximately
0. 00 to 6. 005 inch of material remains between the dimples. Final thinning is

accomplished in an electrolytic cell that has a collimated light source arranged on

one side of ihe cell and a low power microscope on the other side to permit
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viewing of the specirrmen during thinning. The current to the cell is switched off
upon the first indication of a small hole in the specimen. The material at the edge

of the hole formed in this manner is usually thin enough to be examined by trans-
mission electron microscopy. One of the major advantages of this technique in
addition to the small amount of material that is required is that a protective frame
is left around the thinned portion of the sp,'cimen to minimize handling damage.

TEM specimens were taking from both transverse and longitudinal sections.

The transverse sections were taken near quarter-diameter positions just above the
center plane of the specimen. Longitudinal specimens were taken from both the

center and near the quarter-diameter position. At least two TE' pecimens were

examined from each position.

The following specimens have been examined:

(1) Solution heat treated 2024 starting material

"(2) Run No. 62. 2024 upset at r,;om temperature at 8.8 in. /sec

(3) Run No. 82, 2024 upset at 800 F at 0.016 iq. /sec

(4) Run No. 92, 2024 upset at 800 F at 8. 8 n. /sec

(5) Run No. 91, 2024 upset at 800 F at 8.8 in.,sec p *- solution
heat treated 1 hour at 920 F and water quenched

(6) Solution heat treated A1-4.6Cu starting material

(7, Run No. 84, A 1-4. 6Cu upset at 800 F at 0.016 in. /sec.

(8) Run No. 94A AI-4.6Cu upset at 800 F at 8.8 in./sec

(9) Run No. 91, A1-4. 6Cu upset at 800 F at 8.8 in. /sec plus
solution heat treated 1 hour at 1000 F and water quenched.

The above specimens were all upset approximately 50 percent. Preliminary cxatu-
inations were also conducted on " 024 specimens upset at 750 F to perfect the thin-
ning technique. The results from the 750 F specimens appeared to be nearly
identical to those obtained from the specimens upset at 800 F, although the former
were not e>-'mined in great detail. The specimens were primarily crxamninerd for 4
evidence of recrystallization; also, the subgrain size was determined. Evidence
was also found that the intermediate precipitates in the 2024 specimen,; were

,surprisingly unstable during the upset.

, . , , , , , o ; .i nal ro ! .11,;.\ ",a l;ii t" are" lp'tl pat l.l x lt . ; : 1; 11%. I,, ,' h ,,1..
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After considerable deliberation, the most convenient and reproducible tech-
nique for measuring subgrain sizes was to tilt the specimren through various angles
in the electron microscope to bring all subgrains into contrast. Since all subgrains
are not in contrast at the same time, this permits an average subgrain size to be
determined by "mental integration". By using a standard screen magnification
(5, OO0X and 10, OOOX were used most frequently), the subgrain size was compared
with the standard ASTM grain size charts, and the ASTM grain size was then con-
verted to the appropriate subgrain size. This method obviously suffers some short-
comings for elongated subgrains, but it can give some useful results if the aspect
ratio is not too great.

2024 Specimens

The structure of the solution heat treated 2024 starting material is shown in
Figures 29 and 30. Figure 29a is from a transverse section, and Figure 29b is
from a longitudinal section. The intermediate precipitates can be seen to be in the
form of rods in these figures, with the rods being parallel with the longitudinal axis.
The electron diffraction patterns also showed evidence of GP zones in the natrix. A
prominent distinguishing feature of the structure was the formation of helical dislo-
cations between the intermediate precipitates, as can be seen in Figure 29. Figure
30 shows that the orientation of the intermediate precipitate was not significantly
affected in the vicinity of grain boundaries and that a narrow depleted zone free of
intermediate precipitates was present at the grain boundary.

Figure 31 shows the transverse and longitudinal structures in a specimen that
was upset at room temperature. Although the high dislocation density tends to
obliterate the intermediate precipitates, the precipitates appear to have maintained
the shape and orientation of the starting material. This is an unexpected observation
since the particles, even if they are not themselves deformed during upsetting,
should be reoriented along the flow pattern of the matrix. The apparent stability
of the particle orientation may have been characteristic only of the limited area that
was available for examination in the TEM specimens; therefore, more extensive
studies of intermediate precipitate alignment after upsetting are planned using
scanning electron microscopy to survey larger areas of the upset sample.

The structure in the 2024 specimen from Run No. 82 that was upset at 800 F
at a rate of 0.016 in. /sec is shown in Figures 32 through 35. The microstructures
in Figure 32 are from a transverse section and were taken from the same area at
slightly different tilts to show how the subgrain size varied from the grain boundary
to the center of the grain. Only some of the subgrains near the grain boundary in
the lower left grain are in contrast in Figu 32a, while those near the center of
the grain have been tilted into contrast in F re 32b. The subgrain size was
approximately 1.3 urn near the grain boundary and 2. 5 pm toward the center of
the grain. The formation of smaller subgrains near the grain boundaries appeared
to occur throughout the specimen, with the subgrain size near grain boundaries

generally varying between 1. 3 to 2. 5 im and that toward the center of the grains
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30, OOOX EH3511

a. Transverse Section

FF

30, 000X EH3464
b. Longitudinal Section

FIGURE 2-9. SOLUTION HEAT-TREATED 2-024 STARTING MNATERIAL
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15, OOOX EH3459

FIGURE 30. STRUCTURE OF THE INTERMEDIATE PRECIPITATE IN THE
SOLUTION HEAT-TREATED 2024 STARTING MATERIAL
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a. Subgrains Near a Grain Boundary in Contrast

7, 50OX EH4067
b. Subgrains Near the Center of the Same Grain in

Contrast

FIGUJRE 32. RTJN NO. 82; 2024 UPSET AT 800 F AT 0. 016

IN. /SEC; TRANSVERSE SECTION
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7,500X EH4071
a. Subg rains in Contrast on One Side

of a Grain Boundaryz

J%

7,500OX EH4072
b. Subg rains Near the Center of One of

the Grains in the Same Specimen

FIGURE 33. RUN NO. 82; 2024 UPSET AT 800 F AT 0. 016
IN. /SEC; LONGITUDINAL SECTION NEAR
THE QUARTER DIAMETER
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7, 500X EH4079

FIGURE 34. RUN NO. 82; 2024 UPSET AT 800 F AT 0. 016
IN. /SEC; LONGITUDINAL SECTION NEAR
THE CENTER SHOWING THE ALTERED
STRUCTURE OF THE INTERMEDIATE
PRECIPITATE ON ONLY ONE SIDE OF A
GRAIN BOUNDARY
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30, OOOX EH4078
a. Structure of the Unialte red

Intermediate Precipitate

*,WI

30, OOOX EH4083
b. Structure of the Altered

Intermediate Precipit:ate

FIGURE 35. INTERMEDIATE PRECIPITATES IN TWO AREAS
OF THE SPECIMEN SHOWN IN FIGURE 34



varying from 1. 3 Mm in small grains (which may actually have been larger grains
that were intersected by the plane of the foil near a grain boundary) to 3. 0 pom.

Figure 33 is from a longitudinal section near the quarter diameter in the
specimen from Run 82 (the same approximate location as the transverse section
shown in Figure 32), and again shows the smaller subgrain size that was usually
found near grain boundaries. The subgrain size was approximately 1.5 p•m
in Figure 33a near the grain boundary and approximately 3.6 pm in Figure 33b
near the center of a grain. Figure 33b also shows the slightly elongated subgrains
that were frequently found in this specimen. The subgrain sizes varied between
1.3 and 1.5 pm near grain boundaries and between 1.3 and 3.0 pm toward the
centers of grains (again, the smaller subgrain sizes toward the apparent centers
of grains in the TEM foiis may actually have occurred where the plane of the foil
intersected a larger grain near a grain boundary).

The subgrain sizes near the :.enter of the sample from Run 82 varied from
approximately 1. 3 to 7. 1 pm toward the centers of the grains. As is implied by
these results, several areas were observed near the center where the subgrain size
was not measurably smaller at the grain boundaries, particularly for the larger
subgrain sizes.

Another important feature observed in this sample in several areas was an
alteration of the structure of the intermediate precipitate. Comparison of the
intermediate precipitates shown in Figure 32 with those shown in the transverse
sectici, from the specimen deformed at room temperature in Figure 3 la reveals
that the intermediate precipitates in the specimen upset at 800 F are no longer
parallel with a common direction but tend to lie along at 1cast three 'ifferent
crystallographic directions. Slightly larger precipitates also appear to have formed
along the grain boundaries, as is evident in Figures 32, 22, and 34. The structure
of the intermediate precipitate appeared to remain unaltered in some portions of

2 the specimens. This is shown in Figures 34 and 35. Figure 34 shows the structure
along a grain boundary where the structure of the intermediate precipitate was al-
tered in the grain to the right of the grain boundary and appeared to remain unal-
tered in the grain to the left. The structure of the unaltered precipitate is shown
at higher magnification in Figure 35a, and that of the altered precipitate is shown
in Figure 35b. Both areas show helical dislocations similar to those found in the
solution heat treated starting material (Figure 29); these helical dislocations were
present throughout aAl of the TEM specimens from the Run No. 82 upset specimen.
The ends of the precipitates in Figure 35b are more rounded than those in Figure
35a. The ends of the precipitates in Figure 35a actually appear to correspond to
those of the starting material in Figure 29b. This indicates that the altered and
unaltered precipitates may be different types, since the round edges of the altercd
precipitates signifies that they may be more soluble than the unaltered precipitates.
The presence of the unaltered precipitates at some locations of the Run No. 82
tipset specimen may be indicative of a lower amount of upsetting in these locations.
This appears to be substantiated by the somewhat larger subgrain sizes that were
also found in these locations. The altered immediate precipitates have not as yet
been identified. The behavior of the precipitates upon solution heat treating, which
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will be discussed for the specimen from Run No. 91, also indicates that the inter-

mediate precipitates formed during the upset at elevated temperatures are not the
same as those in the starting material.

The structure in the upset specimen from Ran No. 92, which was upset at
the same tem~perature but at a higher strain rate than that in the upset specimen

from Run No. 82, was nearly identical to that of the Run No. 82 specimen except
for a smaller subgrain size. This similarity can be seen in Figure 36. Figure 36a
shows subgrains along a grain boundary, while Figure 36b shows subgrains toward
the center of a grain. Figure 36b is somewhat unique, however, because it resolves
the fine dislocation structure in many of the subboundaries; the subboundary dis-
location structure was usually difficult to resolve in the 2024 specimens. The sub-
grain size appt.areal to be fairly uniform in all of the transverse and longitudinal
specimens that were examined. It varied between 0. 9 to 1. 5 prm along grain
boundaries and between 1. 3 to 3.0 Lim toward the centers of the grains. Further-
more, nearly all of the subgrains in the longitudinal sections were equiaxed. The
smaller subgrain size in the Run No. 92 specimen as compared with that in the Run
No. 82 specimen is compatible with the different upsetting rates that were used.

.1 The upset specimen from Run No. 91 was a duplicate of the Run No. 92 speci-
men that was solution heat treated for 1 hour at 920 F and water qtuenched. The
specimen had been partially recrystallized. A boundary between a recrystallized
area and an unrecrystallized area Is shown in Figure 37 which is from a transverse
section. The recrystallized area is free of helical dislocations, with only a few
small dislocation loops around some of the intermediate precipitates. The dis-
location loops were probably generated by quenching strains. Helical dislocations
are still visible in the unrecrystallized area, and this along with the subboundaries
provides a sharp distinction between unrecrystallized and recrystallized areas.
The lengths oi the intermediate precipitates have also shrunk appreciably, indi-
cating that they are soluble at the solution temperature of 920 F. This contrasts
sharply with the intermediate precipitates in the starting material which apparently
witistood a 5-hour solution heat treatment at 920 F and indicates that the alteration
of the structure of the intermediate precipitate during upsetting at elevated temper-
atures apparently involvcs the dissolution of the original precipitate and the for-
mation of a different type of precipitate. Furthermore, the somewhat larger
precipitates that had formed along the grain boundaries of the upset specimens ap-
pear to have been completely dissolved.

A 1-4. 6Cu Specimens

Figvre 38 shows the structure of the solution heat-treated AI-4.6Cu starting
material. Remnants of slip traces as indicated by the band o.' dislocation loops and
small helical dislocations ;.i.. "he figure were found throughout the specimen, but the
matrix structure otherwise was homogeneous except for the formation of GP zones
as indicated by the electron diffraction patterns.
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I5, OOOX EH3999
a. Near a Grain Boundary

ANAG

15, OOOX EH3975
b. Towards the Center of a Grain

FIGURE 36. RUN NO. 92; 2024 UPSET AT 800 F AT
8.8 INq. /SEC; TRANSVE~RSE SECTION
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15, OOOX EH3887

FIGURE 37. RUN INO. 91; SOLUTION HEAT TREATED AFTER THE
UPSET AT 800 F AT 8.8 IN. /SEC; TRANSVERSE
SECTION SHOWING PARTIAL RECRYSTALLIZATION
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The structure in a longitudinal specimen from ,he Run No. 84 upset specimen
is shown in Figure 39. This specimen was upset at 800 F at a rate of 0. 016 in. /sec.
Figure 39a shows subgrains formed along a grain boundary, and Figure 39b shows
the more coarse subgrains found toward the centers of the grains. Many of the sub-
grai .% in the longitudinal sections appeared to be elongated as in Figure 39b. The
",ifference in the subgrain size along grain boundaries and toward grain centers did
aot appear to be as great in this specimen as in the 2024 specimens. The grain
size varied between 1. 8 and 2.5 pm near grain boundaries and between 2. 1 and 5.1
5. 1 um toward the centers of the grains. Figure 39 also shows a coarse intermediate
precipitate that formed in the upset specimen. Some of these precipitates exhibited
d&.fraction contrast effects that were indicative of interfacial dislocations and may
have been P'; the remainder of the coarse precipitates may have been either 9' or 93.
Again, the electron diffraction patterns showed evidence of the formation of GP
z,iaes in the matrix.

Transverse and longitudinal structures from the Run No. 94 specimen, which
was ups t at 800 F at a rate of 8.8 in./ sec, are shown in Figure 40. The subgrain
size in thit, specimen appeared to be somewhat smaller than that in the previous
specimen, being approximately 1.8 pjm at the grain boundaries and between 1.3 and
2. 5 pm toward the centers of the grains. The subgrains in the longitudinal speci-
mens were also equiaxed in contrast with those in the Run No. 84 specimen. The
coarse intermediate precipitate again was present in this specimen as can be seen
in the figures.

All of the specimens t",Lat were examined from the Run No. 93 upset specimen
that had been solution heat treated after upsetting at 800 F at a rate of 8. 8 in. /sec
were recrystallized. The structure was nearly identical to that shown in Figure 38.

A

No mention has been made of the dislocation structures visible in Figures 39
and 40 because of some uncertainty of their origin. The thinned material around
all of the holes formed in the Al-4. 6Cu specimens had a peculiar characteristic
of slight buckling. Attempts were made to avoid regions that were obviously dam-
aged by the buckling and the dislocation st, "ctures are suspected to be character-
istic of the upset specimens, particularly since dislocation-free areas were easily
found in the solution heat treated specimens. However, the buckling damage could
be more extensive in the upset specimens than suspected. The dislocation
structures should be viewed with this reservation in mind.

Future Plans

Work presently under way to define the temperature-strain rate conditions
favoring recrystallization of 2024 and A 1-4. 6Cu material upset 50 percent on the
Gleeble unit will be continued. Studies will be initiated immediately on the effcts
of holding upset samples at the upset temperature and at higher temperatures for
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7, 500X EH4135
a. Sixbgrains Near a Grain Boundary

T-1j

7, 500X EH4 136
b. Subgrains Towards the Center of a Grain

FIGURE 39. RUN NO. 84; A1-4.6Cu UPSET AT 800 F AT
0. 016 IN. /SEC; LONGITUDINAL SECTION

t9
* - - - .c. -~ ~--'-~ ZA



7, 500X EH4102 I,
a. Transverse SectionA

7, 500X EH4126I
1). Longitudinal Section

FIGURE 40. RUN NO. 94; AI-4.6Cu UPSET AT 800 F

AT__ _. 8 N1/E
AT 3. I. S~94



selected time intervals after upsetting on recrystallization behavior. We also
plan to examine a tensile loading Gleeble procedure described in recent literature
to determine if it will be of value in studying aluminum alloys( 2 6 ). In that program,
steel samples were strained a fixed amount at temperature, held at temperature •
for various periods, and then tested to failure. Failure load was correlated with (
degree of recrystallization.

Processing studies of high-purity AI-Zn-Mg-Cu alloys will be continued in -

an attempt to develop a fine-grained, equiaxed microstructure in these materials.
The properties of suitably processed material will be evaluated to determine any
benefits accompanying control of grain structure. _S

.i
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